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Abstract 
Oliver Racing Parts (ORP) has historically purchased connecting rod bolts made of high 
strength, high cost, nickel-cobalt alloy, MP35N, and a medium strength, low cost, proprietary 
tool steel called ARP 2000. ORP has recently acquired capabilities to manufacture their own 
bolts. To determine the quality of their product as it compares to their previous supplier, ORP 
produced three different types of ⅜” diameter bolts: one set of bolts made of MP35N, and two 
sets of H11 bolts, designated H11A and H11B for their respective processing. The H11, ARP 
2000, and MP35N bolts were tensile tested using a custom designed test fixture. The ultimate 
tensile strength, percent elongation, and percent reduction in area were measured. The fracture 
mode of each bolt was also investigated. 30 bolts from each lot were tested, except the H11A, the 
strength of which exceeded the limitation of the test fixture. The chief purpose of this 
investigation was to determine if there were significant differences between the H11 and ARP 
2000 bolts, and between the MP35N bolts from the different companies. The data acquired 
proved that both heat treatments of H11 are both significantly stronger than ARP 2000, and that 
there is no discernable difference in strength between the MP35N bolts produced by the two 
different companies.  
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I. Introduction 
A. Problem Statement and Project Goal 
Oliver Racing Parts (ORP) of Charlevoix, MI has acquired the ability to manufacture connecting 
rod bolts. In the past, ORP purchased connecting rod bolts from their competitors. However, 
ORP has recently begun manufacturing their own bolts in order to vertically integrate and 
become more competitive. The goal of this project is to establish whether or not the bolts 
produced by ORP are equivalent to those produced by their previous supplier. Additionally, this 
project seeks to investigate whether the different heat treatments of H11 noticeably impacted the 
mechanical properties of the bolts.  
B. Background 
(1) Company Background 
ORP has been a major supplier of mass-produced, high performance automobile parts for 
decades. Historically, ORP has purchased connecting rod bolts produced by Advanced Racing 
Parts (ARP), the current leader in high-strength ARP 2000 and MP35N bolts [1], for use their 
connecting rod packages. However, with the recent acquisition of connecting rod bolt 
manufacturing capabilities, ORP hopes to vertically integrate such that purchasing bolts from 
ARP is unnecessary. 
(2) Connecting Rod Bolts 
Connecting rods are used in an automobile engine to connect the pistons to the crankshaft. These 
connecting rods undergo extreme forces as they are cycled up to 18,000 times per minute, 
alternating between extreme tension and extreme compression. The connecting rod bolts only 
experience cyclic tension as the piston cycles back into the combustion chamber. The connecting 
rod is made in two parts; one part is referred to as the connecting rod, the other is the connecting 
rod bearing cap (Figure 1 [2]). The rod and the cap are attached together by two connecting rod 
bolts. 
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Due to the extreme forces applied to the connecting rod, the connecting rod bolts must have a 
high tensile strength. The connecting rod bolts investigated were designed to be used in high 
performance automotive engines. The application of these bolts, as well as the consequence of 
failure mandates that a high strength alloy be used. The bolts are approximately 1.75 inches long 
and 3/8 inches in diameter (Figure 2 [1]) . The last half inch features a 24 threads per inch thread. 
The bolt is designed with an undercut which reduces the minimum diameter to that smaller than 
the minimum diameter in the threaded region. The undercut prevents the bolt from failing in the 
threads, which would cause additional problems beyond simply replacing the bolt.  
Figure 1: Image of connecting rod bolt set up shows the placing of the connecting rod bolts. 
Figure 2: The connecting rod bolt schematic as designed by Oliver Racing Parts. 
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(3)  Tensile Properties of Bolts  
Mechanical tensile properties are determined by applying a tensile load to a sample until failure. 
The tensile strength of a material is the maximum amount tensile stress it can withstand before 
failure. The yield point is the amount of stress a material can withstand without permanent 
deformation. This area is known as elastic deformation. The stress upon the material will 
continue to increase past the yield point (Figure 3 [3]) . Once the material exceeds the yield point 
it begins to plastically deform. Once the material begins to plastically deform it will not return to 
its initial shape or length. This region is known as work hardening. The stress then reaches a 
maximum and begins to decrease. This maximum is called the Ultimate Tensile strength. This 
the boundary between stable plastic deformation and unstable plastic deformation. It is the 
highest load a sample can withstand without deformation of the original cross sectional area. In a 
brittle material, the plastic deformation is uniformly distributed. The bolt will retain its shape but 
the overall length will increase [3]. If the material is ductile, the stress will decrease 
monotonically until failure. This plastic instability concentrates at the thinnest part of the sample. 
The cross sectional area at this region begins to thin in a process called necking. The decrease in 
area further concentrates the stress, accelerating the rate of necking which continues until the 
sample fractures. Ductile materials will have a larger percentage of necking and a greater 
reduction of area. Brittle materials will fracture at a faster rate than ductile materials.  
Figure 3: The bolts of the various alloys were tested until failure. 
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(4) Typical Failures of Bolts 
The previous bolt supplier, ARP, publishes studies on their bolt failures. Reviewing their 
investigations is valuable in understanding where/how these bolts are expected to fail. 
Connecting Rod Bolts typically fail in one of six fashions [4]: 
1) Tensile Overload: Failures in this mode suggest that the bolt was either too weak for 
its desired application or that the bolt was improperly installed. Failure generally 
occurs in the shaft of the bolt in the undercut, and is characterized by necking and a 
“cup and cone” method of fracture (Figure 4 [4]). This is the primary method of 
failure being investigated in this project. 
2) Torsional Shear: Occurs when insufficient amounts of lubrication are used during 
installation and is caused by galling when male and female threads wear against each 
other. 
3) Impact shear: Occurs when the bolts are insufficiently tightened because lateral 
forces shear the bolt in one motion. 
4) Cyclic Fatigue Fracture by Hydrogen Embrittlement: Hydrogen embrittlement 
reduces the ductility of steels, causing them to be more susceptible to fatigue cracking 
and fracture. 
5) Cyclic Fatigue Cracks Propagated from a Rust Pit: In non-corrosion resistant 
alloys, oxide formation allows for crack growth, ultimately leading to the failure of the 
bolt. 
6) Fatigue Cracks Caused by Improper Installation: Improper installation of the bolts 
causes increased tensile cyclic stress causing the failure of the bolt 
Figure 4: Ductile fracture of ARP bolt in the undercut with pronounced necking.  
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(5) Manufacturing Process 
There are three different steps involved in the production of connecting rod bolts: Hot forging, 
thread rolling, and heat treating. 
a. Hot Forging 
Hot forging is a manufacturing process that shapes metal at high temperatures. For steels and 
other high melting temperature alloys, this can be as high as 1150°C [5]. The elevated 
temperature allows for the metal to be more easily deformed, reducing the tooling cost and 
allowing the material to be shaped into more complex parts. 
In general, hot forging is characterized by pressing a heated billet of material between a set of 
dies (Figure 5 [5]). These billets can be heated numerous ways; however, in this instance, Oliver 
Racing Parts uses induction heating to increase the temperature of the alloy prior to forging. 
Induction heating uses electromagnetism to heat the material as it passes through a coil of wire. 
It is more consistent, and allows for greater throughput than ovens or furnaces (Figure 6 [6]).  In 
the production of connecting rod bolts, a specific process known as swaging is used. Heated 
round stock is pressed through a series of dies. The dies are rotated during the process so that the 
material remains cylindrical. 
Figure 5: Swaging is a method of hot forging a piece of round stock. This is the method of 
manufacturing bolts used by Oliver Racing Parts. 
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Figure 6: Induction is a method of heating a metal through by passing the alloy through an 
electromagnetic field. It is energy efficient and faster than traditional methods.  
 
i. Benefits 
The elevated temperature allows for the metal to be more easily deformed, reducing the tooling 
cost and allowing the material to be shaped into more complex parts. In this case, hot forging is 
particularly useful, as manufacturing bolts from the alloys studied in this investigation would be 
difficult to forge at low temperatures. 
ii. Drawbacks 
Hot forging does not significantly deform the grains of the material. Thus, little to no internal 
strain is produced during manufacturing. The lack of strain on the microstructure leads to the 
production of an overall weaker part. This weakness can be combated by heat treating following 
manufacturing, however, heat treatments can be an expensive and time consuming process. 
Additionally, parts must be cooled after hot forging, during which they are susceptible to thermal 
deformation. 
b. Thread Rolling 
Thread rolling is a cold forging process used to produce high strength threads. Thread rolling is 
superior to other methods, such as grinding or cutting, because it plastically deforms the grains 
such that stress is concentrated at the root and along the flank diameter (Figure 7 [7]) .  Thread 
rolling is used by Oliver Racing Parts to produce a high strength thread. It is this part of the 
manufacturing process, along with the presence of an undercut, which leads to so few of the bolts 
failing in the bolt threads. 
 
7 
 
Figure 8: Thread cutting vs thread Rolling. The grains are deformed in thread rolling, increasing 
the strength of the bolt. 
 
C. Materials Background 
In this investigation two variations of H11 were compared: H11A and H11B. The two 
designations reflect different manufacturing processes and/or heat treatments proprietary to ORP. 
Two different groups, produced by different manufacturers, of MP35N were compared. Bolts 
produced by Oliver Racing Parts were referred to as MP35N and bolts from the same alloy made 
by the previous supplier were referred to as ARP 3.5, as this was the name that previous supplier 
used for their material. The last alloy was ARP 2000 which was compared to all other materials 
as a reference.  ARP 2000 is a proprietary material and its full composition is unknown. The 
composition of the two known alloys are included in Table I and Table II, for comparison 
purposes.  
Table I: Composition of H11 Tool Steel in Weight Percent 
Element Fe C Cr Mo Si Va Mn P 
Nominal Wt. % Balance 0.38 5.125 1.35 1.0 0.45 0.35 0.03 
 
Table II:  Composition of MP35 in Weight Percent 
Element Fe C Cr Ni Co Mo Si S Mn P Ti B 
Nominal  1.0 .025 20.0 35 Balance 9.75 .15 .01 .015 .015 1.0 .01 
Thread Cutting  
Thread Rolled  
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(1) H11 Tool Steel 
In this investigation there are two lots of H11, designated H11A and H11B. The two different 
lots had slightly different heat treatments and manufacturing processes which resulted in 
differing mechanical properties between the lots. H11 is a hot working tool steel commonly used 
in high temperature applications. It is a medium carbon, high chromium steel with approximately 
5 wt.% chromium. There are two primary strengthening mechanisms in H11 steel: the internal 
stress caused by tempered martensite, and the presence of carbides [8]. 
a. Quenching and the Formation of Martensite 
H11 is quenched from austenite to form martensite. When quenching rapidly from the high 
temperature phase austenite, carbon is unable to diffuse out of the iron lattice, forming a 
supersaturated solid solution. The supersaturated solid solution causes stress in the lattice and at 
low temperatures will not transform to another phase. This supersaturated, stressed latticed phase 
is called martensite. Martensite, while incredibly strong, is also extremely brittle. At high 
temperatures, there is sufficient energy in the system to allow martensite to release some of the 
lattice strain. To improve service temperature and ductility, the part must be tempered [9]. 
b. Tempering 
Tempering transforms martensite to tempered martensite, which reduces the strength and 
increases ductility of the part (Figure 8 [8]). When tempering H11 tool steel, carbides form at 
higher temperatures. The presence of carbides increases the strength and hardness of the steel 
that the tempering of martensite lost.  
Figure 8: Hardness vs tempering temperature showing the decomposition of martensite and 
growth of carbides in H11 steel 
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c. Presence of Carbides 
Carbides act as inhibitors to dislocations movement in the tempered martensite matrix, and 
increase the strength and hardness of the alloy. As the carbides have a high melting temperature, 
their presence allows the alloy to be used at higher temperatures without a loss of mechanical 
properties. Carbides in H11 are formed from its alloying elements chromium and molybdenum. 
Primary carbides are eutectic types composed of chromium rich M7C3 or molybdenum rich M2C. 
During the solidification process these carbides precipitate from the liquid at grain boundaries. 
M23C6 are secondary carbide precipitates. These carbides tend to be widely dispersed throughout 
the matrix. The primary carbides exhibit both lamellar and rod-like morphologies and the 
secondary carbides are mainly are mainly globular shaped [8]. 
(2) MP35N 
MP35N is a multiphase nickel-cobalt alloy that was originally designed for use in aerospace 
systems. It is a high strength, corrosion resistant alloy. Additionally, MP35N has properties such 
as resistance to high temperature oxidation and hydrogen embrittlement. Cold working and aging 
are the two strengthening mechanisms of MP35N. This unique form of strengthening is a crucial 
asset in this alloy. In this project, the alloys MP35N and ARP 3.5 both refer to the same alloy. 
a.  Work Hardening    
MP35N is primarily strengthened by work hardening [5]. The source of strengthening involved 
in work hardening is the presence of deformation twins, which inhibit the slipping of planes. 
Comparing work hardened MP35N to non-work hardened MP35N proves that the presence of 
deformation twins greatly increases the strength of the material. Deformation twins allow for the 
impedance of dislocation motion strengthening the material [10]. 
b. Aging 
Aging is a secondary method of strengthening of MP35N and is essential to the production of hot 
forged bolts. The aging mechanism of MP35N, known as the Suzuki mechanism, involves 
segregation of solute atoms to stacking faults [11]. The solute atoms stack in a thin film with 
crystal structure Hexagonally Closed Packed (HCP). The majority of the MP35N matrix is Face 
Centered Cubic (FCC). Regions of HCP inhibit dislocation movements and cause strengthening 
of the MP35N. 
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It is proposed that chromium and molybdenum solute atoms are absorbed by dislocations to form 
HCP structures, which stabilize the areas [11]. At the same time, nickel is desorbed. Samples 
with low to moderate dislocation concentrations do not exhibit noticeable increase in strength 
with aging as the HCP concentrations is too far apart to effectively inhibit dislocation movement 
or crack propagation. However, in high dislocation concentrations, significant Suzuki aging is 
able to occur, and the material is significantly strengthened. 
(3) ARP 2000  
ARP 2000 is a proprietary material belonging to Oliver Racing Part’s previous supplier of 
connecting rod bolts. ARP 2000 connecting rod bolts are commonly used in short track and drag 
racing. It is considered an upgrade from 8740 chrome moly and with various heat treatments can 
subsequently produce higher strengths than that of 8740. If properly handled, stress corrosion 
and hydrogen embrittlement are not an issue [4].   
II. Experimental Procedures 
A. Safety 
Testing these high strength bolts was a fairly straight forward procedure that was not without its 
risks. The strength of the material was such that its fracturing caused a tremendous noise, 
requiring ear protection. When testing, eye protection in the form of safety glasses and a blast 
shield were used. As the fixture was heavy, closed toed shoes were required, and as per Cal Poly 
lab guidelines, long pants were worn.  
B. Intron Set Up and Test Fixture  
The apparatus at California Polytechnic State University prior to this project was a 30kN Instron 
with a wedge grip opening of 0.25 inches. In order to accurately test the bolts a test fixture was 
designed. 
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Oliver Racing Parts characterizes its bolts using Internal Standard Organization (ISO) 7961. This 
standard states that bolts should be tested by mounting the bolt such that it is attached to two 
different components using a nut (Figure 9). The two halves of the test fixture are separated until 
the bolt fails. 
Figure 9: Tensile testing fixture from ISO 7961 that depicts a simplified model. 
 
Based off the current set up and the ISO standard, a customized test fixture was designed (Figure 
10). In order to ensure that the test fixture would not fail before the failure of the bolt, the cross 
sectional area of the test fixture needed to be wider than the previous grips allowed. New grips 
were purchased to allow for the cross sectional area of the fixture to be doubled to 0.5 inches. 
The test fixture had to be modified off the ISO standard as to ensure that the ultimate load 
withstood by the bolts was considerably less than that of the test fixture. The test fixture was 
altered to have curved edges in order to more evenly disperse force during testing. The test 
fixture also required the addition of collars which were designed such that the bolt would 
experience force only perpendicular to the bolt-face without applying undue stress to the fixture. 
Collars were placed on both sides of the fixture. These collars were made of O-1 tool steel and 
heat treated to HRC ~53. However, after approximately 30 tests, the collars fractured 
catastrophically. As such, the collars were routinely replaced after any sign of cracking 
(approximately 15 tests). The bolt was secured inside the test fixture using a 17-4 PH nut. The 
use of a high strength nut was crucial in minimizing the chance of the bolt threads shearing 
through the nut threads. 
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The Instron was altered by switching the wedge grips out for the wider wedges. Then the fixture 
was inserted into the top opening and tightened until the fixture was secured. This was repeated 
for the bottom half. Both the bottom and top halves of the fixtures were leveled. The two halves 
were brought closer to each other and the collars were held in place. The bolt was inserted 
through the holes of the fixture with the head of the bolt on the bottom section. The top half with 
the threads was then secured by hand tightening a nut on the end of the threaded region. A load 
was applied to the bolt at a strain rate of 0.15 inches per minute. Upon failure of the bolt, the nut 
was unthreaded to be used in future tests, then both pieces were removed and stored in a labeled 
bag.  
Figure 10: Tensile test fixture customized to test 3/8” bolts in order accurately test ultimate 
tensile strengths.  
 
(1) Nut Failure 
The nuts used in this test fixture were the second strongest commercially available. However, the 
materials being tested in this project were sufficiently strong to cause complete failure in the 
threads of the nut after several tests. As different bolts were tested, the nuts were switched every 
few bolts, depending on the rate at which they failed. For example, if a nut failed after 10 runs, 
future nuts used on that material would be replaced every eight tests. The rate at which the nuts 
were switched is detailed in Table III.  
 
 
The inserts 
doubled in width 
to .5 in  
 Collars were 
placed on both 
sides of the fixture  
Curved edges 
dispersed forces  
 High strength nuts 
made of Ph17-4  
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Table III: Nominal Rate at Which Nuts Were Switched 
Material No. of Trials before switch 
ARP 2000 10 
MP35N 8 
ARP 3.5 8 
H11A 1* 
H11B 6 
*Testing H11A bolts resulted in frequent failures in the threads of the nut causing the nuts to be changed out 
regularly.  
C. Measurements of Ductility  
Two different measurements of ductility were performed on the bolts:  
• Percent Elongation, measured by change in gauge length 
• Percent Reduction in area, measured by change in diameter 
 
(1) Percent Elongation by Gauge Length  
In the undercut of the bolt, a gauge length was marked using a diamond inscriber. The gauge 
length was nominally 0.5 inches long, but varied between 0.60 and 0.40 inches. The gauge length 
was measured before testing and recorded. After testing, the two halves of the sample were put 
back together and the transformed gauge length measured.  
 
(2) Percent Reduction in Area  
Percent reduction in area was determined by the percent change in diameter from the pre-tested 
diameter of the sample and post-tested diameter at the sample.  
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III. Results 
A. Extension-Load Curves 
The Instron test machine outputted several extension-load plots, which can be found in Appendix 
A. Sample curves were selected at random to exemplify the behavior of each material under load 
(Figure 11). Each material displays a large area of plastic deformation except H11A. This is 
because the curve selected for H11A was one where the bolt failed in the threads. This sample 
was kept in the representative curve graph because it is a good indicator of the differences 
between the different failures.  
Figure 11: The average trends of the testing showed H11A has the highest load capacity. 
The data acquired in this project is included in full in Appendix B, and subsequently 
summarized.  
B. Strength of the Bolts 
The strength of the bolts was calculated by dividing the ultimate load by the minimum cross 
sectional area of the undercut. The diameter of the undercut was nominally 0.315 inches. The 
strengths of the alloys are reported in Table IV. While 30 samples were tested for all alloys other 
than ORP H11A, samples that failed in the threads were excluded from these summary tables. In 
addition to the number of samples, the mean value, standard deviation, minimum and maximum 
values, and the Tukey Grouping at 5% significance are included. Materials with different Tukey 
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Groupings are statistically significantly different. A boxplot of the strengths of the materials was 
produced to visualize the differences in strength and variance of each material (Figure 12). 
Table IV: Material Strength Summary Statistic 
 
Figure 12: The boxplots of the strengths for the different alloys show that H11A is the strongest 
of all the alloys. 
C. Ductility 
The ductility was measured using two different methods: percent reduction in area and percent 
elongation as measured by a change in the gauge length. 
(1) Percent Reduction in Area 
Bolts made with MP35N and ARP 3.5 sometimes broke asymmetrically, with neither of the sides 
fracturing as perfect cup and cone. The diameters of these asymmetric samples were difficult to 
measure accurately, but were measured consistently through both alloys. The larger standard 
Material N Mean (ksi) Std Dev Min Max Tukey 
ARP 3.5 29 269.17 4.899 246.63 274.49 C 
ARP 2000 30 223.16 1.540 219.73 225.97 D 
MP35N 27 269.00 3.642 255.42 273.92 C 
ORP H11A 4 303.39 7.863 296.98 313.85 A 
ORP H11B 28 289.69 5.796 271.33 295.17 B 
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deviations in MP35N and ARP 3.5 can be attributed to the asymmetric failures that occurred in 
both alloys.  
The summary statistics for percent reduction in area is reported in Table V. While 30 samples 
were tested for all materials except ORP H11A, samples that failed in the threads or had been 
selected for SEM analysis, were excluded from this summary table. In addition to the number of 
samples, mean value, standard deviation, and minimum and maximum values, the Tukey 
groupings for this property are also included. Materials with different Tukey Groupings are 
significantly different at 5% significance. It is important to note that the percent reduction in area 
had a large variance, which, coupled with the non-standard number of samples, makes drawing 
conclusions about the ductility of the material dangerous. A boxplot of the percent reduction in 
area of each material was produced to help visualize the differences in mean values and the 
different variances of each material (Figure 13).  
Table V: Percent Reduction in Area 
Material N Mean (%) StdDev Min Max Tukey 
ARP 3.5 23 61.94% 5.5% 55.56% 76.41% A 
ARP 2000 25 49.35% 3.74% 39.01% 58.06% B 
MP35N 23 56.61% 10.13% 47.02% 71.85% A 
ORP H11A 4 38.36% 3.20% 34.47% 40.98% C 
ORP H11B 23 43.03% 6.78% 28.69% 50.33% C 
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Figure 13: Boxplot of the all the alloys comparing percent reduction of area indicated that there 
were many outliers in the data, even after controlling for non-normal fracture modes. 
(2) Percent Elongation by Gauge Length Extension 
The summary statistics for percent elongation measured by gauge length are reported in Table 
VI. While 30 samples were tested for all alloys except ORP H11A, samples that failed in the 
threads or had been selected for SEM analysis, were excluded from these summary tables.  
Table VI: Gauge Length Extensions 
 
D. Fracture Modes 
During this project, it was noticed that some materials exhibited a proclivity for asymmetric 
fracture. The fracture modes of the different alloys are reported in Table VII.  
 
 
Material N Mean StdDev Min Max Tukey 
ARP 3.5 24 20.96% 3.36% 18.25% 31.00% A 
ARP 2000 25 18.62% 1.08% 16.00% 21.00% B 
MP35N 22 17.48% 0.91% 14.63% 18.88% BC 
ORP H11A 4 14.82% 0.96% 14.00% 15.88% C 
ORP H11B 23 17.34% 3.53% 11.75% 30.50% BC 
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Table VII: Fracture Mode of Various Materials 
Fracture mode ARP3.5 ARP 2000 MP35N ORPH11A ORP H11B 
Asymmetrical 13 1 10 0 0 
Symmetrical 12 24 12 4 23 
SEM 4 5 5 0 5 
Threads 1 0 3 3 2 
 
(1) Ductile  
Ductile fractures occurred in both MP35N and ARP 3.5. The ductile fracture modes were 
characterized by a cup and cone fracture (Figure 14). The side view indicates a 45º angle to 
direction of the tensile force (Figure 15). This type of fracture mode is characterized by a region 
of necking. 
Figure 14: Cross sectional view of ductile failure of MP35N bolt. 18x Magnification 
 
Figure 15: Side view of ductile failure of MP35N bolts. 30x Magnification  
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(2) Brittle  
Brittle failures are characterized by exhibiting a fracture surface perpendicular to the load 
direction. In brittle failures the crack propagates quickly and failure occurs with little reduction 
in area and no necking. To further understand the specific type of brittle failure additional 
fractographs may be acquired. This type of fracture occurred in both H11A and H11B as well 
ARP 2000. 
Figure 16: Brittle failure of H11B bolt. 17x Magnification 
 
(3) Failure in Nut Threads  
In-thread failures were the least common failure mode, but did occur occasionally. In-thread 
failure would occur when the threads in the nut had become fatigued resulting in complete 
failure. H11A had 3 out 7 bolts fail in this manner, indicating that greater strength caused more 
fatigue wear on the nut, and/or the bolt was able to more easily shear through the material. The 
high percentage of failures in H11A is most likely due to the high strength and hardness values 
of that alloy and its particular heat treatment.  
 Figure 17: Failure in the threads of the nut and the H11A bolt that caused the failure.  
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IV. Discussion 
(1) Strength of MP35N Relative to H11  
MP35N is the most expensive material used in this study. MP35N alloys cost roughly $80/lb., 
whereas H11 costs $5/lb. [8] [10]. Based on the results of this project, one might think that 
MP35N should be eliminated from the product catalog, using H11 as a replacement. However, 
this would be a misguided view. While the ultimate strength of these bolts is incredibly 
important for their use in automobile engines, the ductility of the material is also extremely 
important for application. One of the main strengthening mechanisms of H11 tool steel is the 
presence of martensite. While martensite is a strong phase of steel, it is also incredibly brittle. 
Based on the number of failures of the H11A bolts in the threads, we believe that using H11A 
bolts in an automobile engine would result in the immediate failure of the bolt during 
application.  
(2) MP35N and ARP 3.5  
Based on the Tukey analysis, this project conclusively proved that the strengths of ARP 3.5 and 
MP35N are equivalent at the 5% significance level (269.17 vs 269.00 ksi). Bolts produced by 
ARP and ORP fail in the same manner. MP35N bolts produced by ORP have a statistically 
equivalent percent reduction in area to those produced by the previous supplier, ARP 3.5. Oliver 
Racing Parts Bolts of MP35N are equivalent in all areas investigated to those of ARP. 
(3) Recommendations  
This project started an excellent foundation for future projects to be built on. Given the 
application of the bolts, fatigue testing on these bolts should be performed. Information 
regarding the fatigue strength would be useful in designing for its service, while the tensile 
strength and percent reduction in area information obtained in this project provides evidence for 
how the bolt would behave during installation. As failure of the bolts is common in both 
application and installation, a study in the fatigue strength of the different bolt alloys would 
complete this investigation.  
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V. Conclusions  
1. Oliver Racing Parts MP35N is equivalent in fracture mode to the ARP 3.5 bolts of the 
previous supplier. 
2. Oliver Racing Parts MP35N 269.17 ksi is equivalent strength to the ARP 3.5 bolts 269.0 
ksi of the previous supplier. 
3. Oliver Racing Parts MP35N is equivalent in reduction of area to the ARP 3.5 bolts of the 
previous supplier. 
4. Oliver Racing parts H11A has a significantly higher strength at 303 ksi than all other alloys 
tested.  
5. Oliver Racing Parts two variations of processing of H11, H11A and H11B, have 
statistically similar reductions of area. 
6. The strength of the ARP 2000 bolts was significantly less than all other bolts. 
7. The strength of the bolts is easily determined through the methods described in this project, 
but measurements of ductility have proved difficult to do with accuracy and consistency.  
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VII. Appendix B  
Sample Material Load Strength (ksi) Percent Elongation By Gauge Length % Reduction in Area 
Fracture 
Mode 
1 ARP2000 17464.79 224.1 18.63% 48.07% symmetrical 
2 ARP2000 17139.01 219.9 18.63% 46.69% symmetrical 
3 ARP2000 17372.99 222.9 18.88% 48.98% symmetrical 
4 ARP2000 17429.15 223.7 18.75% 49.43% symmetrical 
5 ARP2000 17581.91 225.6 18.00% 45.76% symmetrical 
6 ARP2000 17123.98 219.7 20.00% 55.98% symmetrical 
7 ARP2000 17499.57 224.6 18.00% 48.07% symmetrical 
8 ARP2000 17586.75 225.7 19.63% 58.06% symmetrical 
9 ARP2000 17445.81 223.9   SEM 
10 ARP2000 17267.00 221.6   SEM 
11 ARP2000 17355.29 222.7 17.75% 52.54% symmetrical 
12 ARP2000 17529.91 224.9   SEM 
13 ARP2000 17337.51 222.5 19.88% 50.78% symmetrical 
14 ARP2000 17418.52 223.5 17.88% 51.22% symmetrical 
15 ARP2000 17272.85 221.6 18.25% 47.15% symmetrical 
16 ARP2000 17384.70 223.1 18.75% 47.15% symmetrical 
17 ARP2000 17285.33 221.8   SEM 
18 ARP2000 17481.09 224.3 18.25% 50.78% symmetrical 
19 ARP2000 17241.03 221.2   SEM 
20 ARP2000 17454.57 224.0 19.50% 47.61% symmetrical 
21 ARP2000 17313.87 222.2 21.00% 51.66% symmetrical 
22 ARP2000 17436.28 223.7 18.00% 48.98% symmetrical 
23 ARP2000 17444.40 223.8 19.00% 52.10% symmetrical 
24 ARP2000 17454.00 224.0 17.88% 46.69% symmetrical 
25 ARP2000 17304.27 222.1 18.38% 53.41% symmetrical 
26 ARP2000 17609.86 226.0 19.25% 48.98% symmetrical 
27 ARP2000 17403.05 223.3 16.00% 45.29% asymmetrical 
28 ARP2000 17430.21 223.7 19.50% 48.53% symmetrical 
29 ARP2000 17270.63 221.6 16.38% 39.01% symmetrical 
30 ARP2000 17394.45 223.2 19.38% 50.78% symmetrical 
1 ARP 3.5 21391.45 274.5 18.50% 59.28% symmetrical 
2 ARP 3.5 20900.23 268.2 18.25% 58.47% symmetrical 
3 ARP 3.5 20925.22 268.5  100.00% SEM 
4 ARP 3.5 21094.28 270.7 -217.25% 55.56% symmetrical 
5 ARP 3.5 21179.92 271.8 30.38% 58.47% symmetrical 
6 ARP 3.5 21064.42 270.3 31.00% 60.09% Asymmetrical 
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Sample Material Load Strength (ksi) Percent Elongation By Gauge Length % Reduction in Area 
Fracture 
Mode 
7 ARP 3.5 20859.73 267.7 21.88% 58.88% symmetrical 
8 ARP 3.5 21014.75 269.7 24.00% 59.28% Asymmetrical 
9 ARP 3.5 21328.26 273.7 21.00% 58.47% symmetrical 
10 ARP 3.5 20980.52 269.2 19.63% 58.88% symmetrical 
11 ARP 3.5 20983.84 269.3 23.63% 59.69% symmetrical 
12 ARP 3.5 21124.07 271.1 20.25% 69.49% asymmetrical 
13 ARP 3.5 21280.30 273.1 21.25% 76.41% asymmetrical 
14 ARP 3.5 21360.81 274.1 19.00% 65.51% asymmetrical 
15 ARP 3.5 19219.81 246.6 21.75% 66.62% asymmetrical 
16 ARP 3.5 21072.77 270.4 19.25% 59.28% symmetrical 
17 ARP 3.5 20992.46 269.4 18.63%  asymmetrical 
18 ARP 3.5 20749.16 266.3   threads 
19 ARP 3.5 21200.86 272.1 20.13% 59.28% symmetrical 
20 ARP 3.5 21002.37 269.5   SEM 
21 ARP 3.5 21190.36 271.9 18.38% 71.56% asymmetrical 
22 ARP 3.5 20531.95 263.5 18.88% 58.88% asymmetrical 
23 ARP 3.5 20874.44 267.9 19.00% 55.56% symmetrical 
24 ARP 3.5 20857.26 267.6 20.13% 64.00% asymmetrical 
25 ARP 3.5 20880.72 267.9 19.38% 61.28% asymmetrical 
26 ARP 3.5 21000.44 269.5 19.63% 71.22% asymmetrical 
27 ARP 3.5 21049.85 270.1 19.50% 58.47% symmetrical 
28 ARP 3.5 20945.32 268.8   SEM 
29 ARP 3.5 21059.68 270.2   SEM 
30 ARP 3.5 20951.45 268.9 19.63% 100.00% asymmetrical 
1 ORP H11B 22490.45 288.6  100.00% symmetrical 
2 ORP H11B 22873.78 293.5 15.38% 48.07% symmetrical 
3 ORP H11B 22638.85 290.5  100.00% symmetrical 
4 ORP H11B 22687.39 291.1 17.88% 35.49% symmetrical 
5 ORP H11B 22510.33 288.9 18.75% 46.69% symmetrical 
6 ORP H11B 22576.60 289.7 17.00% 38.02% symmetrical 
7 ORP H11B 22792.76 292.5 13.00% 34.47% symmetrical 
8 ORP H11B 21145.04 271.3  100.00% symmetrical 
9 ORP H11B 22489.63 288.6 13.13% 28.69% symmetrical 
10 ORP H11B 21763.10 279.3 18.75% 100.00% symmetrical 
11 ORP H11B 22879.40 293.6 11.75% 30.29% symmetrical 
36 
 
Sample Material Load  Strength (ksi) Percent Elongation By Gauge Length % Reduction in Area 
Fracture 
Mode 
12 ORP H11B 22799.97 292.6 16.75% 40.49% symmetrical 
13 ORP H11B 22738.07 291.8  4.40% threads 
14 ORP H11B 22850.33 293.2 16.63% 42.91% symmetrical 
15 ORP H11B 23003.02 295.2  33.95% symmetrical 
16 ORP H11B 22861.43 293.4 18.25% 45.29% symmetrical 
17 ORP H11B 22731.54 291.7 30.50% 47.61% symmetrical 
18 ORP H11B 21889.11 280.9 17.00% 43.87% symmetrical 
19 ORP H11B 22953.46 294.5  100.00% symmetrical 
20 ORP H11B 22772.35 292.2 19.00% 42.43% symmetrical 
21 ORP H11B 22422.70 287.7 17.75% 50.33% symmetrical 
22 ORP H11B 22830.63 293.0 18.88% 48.53% symmetrical 
23 ORP H11B 22959.73 294.6 17.13% 50.33% symmetrical 
24 ORP H11B 22515.47 288.9 17.50% 50.33% symmetrical 
25 ORP H11B 22645.01 290.6  2.52% threads 
26 ORP H11B 22696.11 291.2 16.38% 43.39% symmetrical 
27 ORP H11B 22863.52 293.4 15.13% 50.33% symmetrical 
28 ORP H11B 22731.71 291.7 18.88% 48.98% symmetrical 
29 ORP H11B 21553.03 276.6 18.75% 46.22% symmetrical 
30 ORP H11B 22831.31 293.0 14.63% 100.00% symmetrical 
1 ORP H11A 23143.87 297.0 14.00% 37.01% symmetrical 
2 ORP H11A 23769.55 305.0 15.88% 40.98% symmetrical 
3 ORP H11A 23199.87 297.7 14.00% 34.47% symmetrical 
4 ORP H11A 24458.83 313.9 15.38% 40.98% symmetrical 
5 ORP H11A 23768.68 305.0   threads 
6 ORP H11A 24526.36 314.7   threads 
7 ORP H11A 22444.33 288.0   threads 
1 MP35N 21089.56 270.6   symmetrical 
2 MP35N 20825.05 267.2 18.25% 47.02% symmetrical 
3 MP35N 20937.61 268.7 17.75% 47.46% symmetrical 
4 MP35N 21255.96 272.8   symmetrical 
5 MP35N 20856.05 267.6   symmetrical 
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Sample Material Load Strength (ksi) Percent Elongation By Gauge Length % Reduction in Area 
Fracture 
Mode 
6 MP35N 20656.01 265.1 18.63% 50.57% symmetrical 
7 MP35N 20995.33 269.4   symmetrical 
8 MP35N 20720.74 265.9 16.75% 50.12% symmetrical 
9 MP35N 20863.41 267.7 17.63% 49.22% symmetrical 
10 MP35N 21234.34 272.5 16.88% 50.12% symmetrical 
11 MP35N 20874.01 267.9 18.75% 53.78% asymmetrical 
12 MP35N 21064.43 270.3 16.63% 71.31% asymmetrical 
13 MP35N 11768.34 151.0   threads 
14 MP35N 21347.16 273.9 17.13% 50.12% symmetrical 
15 MP35N 21243.10 272.6 18.00% 47.90% symmetrical 
16 MP35N 20945.65 268.8   threads 
17 MP35N 19905.38 255.4 17.50% 49.22% symmetrical 
18 MP35N 21193.10 272.0 17.38% 70.24% asymmetrical 
19 MP35N 20900.54 268.2 18.38% 47.02% symmetrical 
20 MP35N 21290.95 273.2 16.88% 68.13% asymmetrical 
21 MP35N 20829.81 267.3 17.38% 70.77% asymmetrical 
22 MP35N 20872.99 267.8 17.13% 71.31% asymmetrical 
23 MP35N 20973.24 269.1 17.00% 48.78% symmetrical 
24 MP35N 20868.53 267.8 17.38% 54.24% asymmetrical 
25 MP35N 20978.48 269.2   threads 
26 MP35N 21100.61 270.8  68.65% asymmetrical 
27 MP35N 21275.24 273.0 14.63% 71.85% asymmetrical 
28 MP35N 20936.82 268.7 18.88% 49.22% symmetrical 
29 MP35N 20798.85 266.9 17.75% 47.90% symmetrical 
30 MP35N 21096.98 270.7 17.88% 67.08% asymmetrical 
 
 
 
 
 
 
